Abstract In recent years Resistive Random Access Memory (RRAM) is emerging as the most promising candidate to substitute the present Flash Technology in the non-volatile memory market. RRAM are based on the Resistive Switching (RS) effect, where a change in the resistance of the material can be reversibly induced upon the application of an electric field. In this sense, strongly correlated complex oxides present unique intrinsic properties and extreme sensitivity to external perturbations, which make them suitable for the nanoelectronics of the future. In particular, metallic complex oxides displaying metal-insulator transition (MIT) are very attractive materials for applications and are barely explored as RS active elements.
Introduction
The continuous increase in the demand of non-volatile memories in recent years is pushing our present technology to its physical limits [1, 2] . Flash technology, which is nowadays dominating the market, presents several issues in terms of downscaling and performance (write/erase speed). Hence, to overcome these limitations in a near future, different random access memories (RAM) are currently being considered as alternatives to Flash memories [1, 3, 4] , such as magnetic-RAM (MRAM) [5, 6] , phase-change-RAM (PCRAM) [7, 8] , ferroelectric-RAM (Fe-RAM) [9, 10] or Resistive-RAM (RRAM) [11] [12] [13] [14] . This latter case, RRAM, is considered a very promising emerging alternative for its simple architecture and excellent performances. RRAM devices are based on the so called Resistive Switching (RS) effect, where two or more reversible resistance states can be induced upon the application of an electric field. Several oxide systems present RS, such as TiO 2 [15] , NiO [16, 17] , TaO x [18] , Pr x Ca 1-x MnO 3 [19] [20] [21] , or SrTiO 3 [22] [23] [24] [25] . Diverse thermochemical and electrochemical effects have been proposed as the microscopic origin of the RS for the different materials [1, 13, 26] . In Transition Metal Oxides (TMO), it is widely accepted that the Valence Change Mechanism (VCM) is responsible of the RS [13, 25, 27, 28] , although the phenomenon inducing the valence change might have different origins depending on the material. In many cases this VCM produces filamentary or interfacial Schottky conduction. However for TMO with strong electron-electron interaction this might be different, as we demonstrate here for three different perovskites. In these systems, the strong electron interactions induce charge Electronic supplementary material The online version of this article (doi:10.1007/s10832-017-0101-2) contains supplementary material, which is available to authorized users. localization via splitting of the transition metal 3d band into an upper and a lower Hubbard bands [29] (see Figure 1 ), thus an insulating state known as Mott insulator appears [30] . Two different scenarios arise depending on the relevance of the oxygen 2p band on electron (hole) conduction: a) the oxygen 2p band falls below the lower Hubbard band (called MottHubbard insulators) and b) the oxygen 2p band falls in between two Hubbard bands (called Charge-transfer insulators) (see ref. [31] and references therein for a more detailed review). In the former case, conducting electrons/holes hop from/to transition metal while in the latter, the conduction takes place by electron/hole hopping from metal to oxygen to metal. In both cases, a metal-insulator transition (MIT) is induced and can be tuned either by controlling the bandwidth (e.g., by changing interatomic distances (cation substitution [32] , pressure [33] , strain [34] [35] [36] ) or temperature) or by controlling the band-filling (chemical doping [37, 38] , application of an electric field [37, 39, 40] ). By proper engineering the growth of the material, one can design and tune its electronic properties in such a way that the MIT lies close to the operating temperature [36] . Ideally, a material designed in that way could easily undergo a resistance switch, since the proximity to the MIT can induce a colossal resistance change with a small variation of the carrier density, which should lead to low operating voltages. In the last years the study of RS in Mott systems has drawn some attention due to its unique opportunities and huge potential for applications [37, [41] [42] [43] [44] . An extensive review on this topic and its potential has been recently published by Janod et al. [45] . In our work, we propose the use of perovskite Mott systems that are in the metallic state at room temperature to reversibly drive them into the insulating state, upon the application of an electric field. We demonstrate that a volumetric resistive transition of the whole material volume is achieved. This configuration may avoid usual metal-insulator-metal (MIM) structures, simplify memory design, and enhance functionalities such as multilevel resistive states. The RS is produced by a modulation in the carrier concentration upon the application of the electric field to eventually achieve the MIT. The variation of the charge carriers implies a valence change in the transition metal 3d band and accordingly, the excorporation/incorporation of oxygen in the system. In the case of filamentary conduction, oxygen vacancies (or metallic cation species in the so called Electrochemical Metallization (ECM) cells [13] ) organize into filaments connecting the two electrodes. In the case of interface conduction, oxygen vacancies distribute along a depleted interface which ultimately controls the conductivity of the device. In this paper we demonstrate that for perovskite metallic oxides (manganites, cuprates, nickelates), being the MIT an intrinsic property of the material, a volume and homogenous switching through the full thickness of the film can be displayed, extending our earlier publication on manganites [39] . In addition, volume switching goes hand by hand with multilevel switching characteristics, which is a very appealing property from the point of view of device applications. It is important to remind that these metallic perovskites are mixedvalence and mixed-conductors, i.e., both hole and anion (such as O 2− ) conduction occurs simultaneously [46] [47] [48] [49] , which makes them so unique for RS applications. Here, we want to generalize earlier studies on La 0.7 Sr 0.3 MnO 3 to other La 1- x Sr x MnO 3 compounds (Mott-Hubbard type), RNiO 3 (R = La,Nd) (RNO) family and superconducting YBa 2 Cu 3 O 7-δ (YBCO) (both charge-transfer type). Finally, the use of metallic films grown on insulating substrates allows us to work on a top-top configuration and investigate the intrinsic properties of the systems by means of local probe studies and point-contact measurements. In terms of device integration, the use of metallic perovskites as RS elements facilitates its device integration due to its capability of being the active element and the word line connectors in the integrated circuit. Although LSMO, RNO and YBCO are widely studied materials, only few works address their RS capabilities [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . Here we will clarify the interpretation of our results in terms of a Mott volume transition of general validity for metallic perovskite complex oxides, for the first time. Even more, LSMO and RNO are widely used as electrode materials in different applications and normally its RS properties have not been taken into account. We argue that these electrodes may affect the device under test and therefore, special precautions should be taken when using them.
Experimental section
LSMO (3-40 nm) and NdNiO 3 (NNO) (6-25 nm) samples were grown by low cost Chemical Solution Deposition while YBCO (10-50 nm) samples were grown by Pulsed Laser Deposition on single crystal substrates. For YBCO and LSMO cases, (001) SrTiO 3 were used, whereas (001) LaAlO 3 was employed in the NNO case. Further information about the growth process and structural and microstructural characterization can be found in the Supplementary Information. In the three cases, high quality epitaxial films heavily strained with low roughness (RMS = 1.02 nm, 1 nm and 1.43 nm in 10 nm LSMO, 50 YBCO and 25 nm NNO films respectively) and smooth surfaces are obtained, thus making them suitable for RS active elements. The resistivity measurements as a function of temperature were performed in a Physical Properties Measurement System (PPMS) using either a Van der Pauw configuration [60] or a 4-point configuration. The resistive switching characteristics were investigated with a commercial Agilent 5500LS Atomic Force Microscope (AFM) operated in contact mode to allow electrical measurements (Conducting-AFM with conductive diamond doped tips (DDESP-V2 from Bruker, K = 40-60 N/m, nominal tip radius of 100-150 nm)) under a low humidity atmosphere (<6%). and with larger W-Au probes in a Keithley 4200 Semiconductor Characterization System operated in the quasiestatic mode at room temperature with the probes located on direct contact with the metallic complex oxide surface in a top-top configuration. One of the tips was biased and the other grounded. For the resistivity measurements of the HRS, a 10 nm LSMO film was patterned to define a micrometric bridge of 40 μm × 12 μm by optical lithography with a Micro-Writer from Durham Magneto Optics LTD. First, metallic electrodes (100 × 100 μm 2 ) with 60 nm of Au were sputtered onto the sample. Then, LSMO bridges are defined by lithography followed by an etching process in a Reactive Ion Etching (RIE) in Ar atmosphere. To fabricate the 3 T devices, first optical lithography and sputtering processes are performed to define the metallic contacts (60 nm thick 100 μm × 100 μm Au electrodes) as previously described. Then, the LSMO bridges are defined by a second lithography step followed by a RIE process. Measurements were performed in an Agilent 4156C Semiconductor Parameter Analyzer using 4 W-Au probes.
3 Results and discussion 3.1 Metal-Insulator Transition in metallic perovskite oxides Figure 2 shows resistivity plots as a function of temperature for the three different films investigated. Notice that an insulator to metallic transition occurs at 337 K for the case of the 10 nm LSMO film whereas at 188 K a metal to insulator transition occurs for the NNO 25 nm film. For the case of YBCO 50 nm thin film, a superconducting transition is found at~90 K. It is well known that by changing the oxygen content of the film, a phase transition from a superconducting/metallic paramagnetic state to an insulating antiferromagnetic behavior is achieved [61] The MIT and the metal-superconductor transition are an indication of their strongly correlated character whose origin lies in different physical phenomena for each of these systems [62] . At room temperature the 3 films are in the metallic state.
IV characteristics in LSMO, NNO and YBCO thin films
We have studied the intrinsic RS properties of the three materials by measuring IV curves at the local scale on the bare surfaces of the film. Our measurements are performed on a top-top configuration with the tip grounded and the sample biased as depicted in Fig. 3a . In this configuration, due to the accumulation of electric field lines close to the nanometric tip, a positive bias applied to the sample generates an electric field, which mainly points upwards, under the tip, while it mainly points downwards when a negative bias is applied, as shown in the simulation of Fig. 3b , c, and d. The simulation is crucial to understand the switching behavior in these materials since we realize that the material transformation occurs mainly below the tip when a threshold value of the electric field modulus is reached, despite the fast bending of the electric field towards the counter electrode. We have captured three snapshots of the dynamic switching event by employing COMSOL to model the electric field distribution of our system. The results are shown in the Fig.3 . For the simulation, we have considered a geometry consisting of a 50 nm isotropic strip and homogeneous material, a C-AFM tip of 50 nm, a metallic counter electrode at 8 μm, far enough from the tip. In order to model the tip-strip contact we have considered a contact resistance with parabolic pressure distribution. We consider that the change in resistivity of our material after switching is from 100 to 20,000 Ωm, and that this change is driven by the local electrical field intensity, when it crosses the switching threshold band (STB) from 0.8 to 1 V/m. In this approach we consider that the switching is produced locally when the local field crosses the STB. Since the electric field is more intense in the areas where the resistivity is higher (Ohm law and charge conservation), the boundary of the switched domain is initially generated close to the interface but it is progressively pushed downwards according to the dynamic change of the local resistivity. The brown coloured area of the figures represents the switched area, where the local electric field has reached STB. The electric field orientation is indicated by arrows. Notice that the switched front depends therefore on the intensity of the electric field and not on the orientation. Simulation shows that the electric field lines point downwards initially close to the sample/tip interface to then bend quickly moving away from the tip (Fig. 3b) . However, we see that as the switching event advances the local orientation and intensity of the electric field dynamically rearranges following Figs. 3c and d. This simulation is able to compile our experimental observations with the understanding of volume switching below the tip, as it is shown in the following. IV sweeps performed at a rate of 25 V/s for 10 nm LSMO, 25 nm NNO and 50 nm YBCO films are shown in Fig. 4 . The first sweep starts towards negative bias. It is in this branch where the change from the initial pristine Low Resistance State (LRS) to a High Resistance State (HRS) is induced in all these oxide perovskite materials. According to the geometry imposed by the electric field, oxygen excorporation from the crystal structure (a) Fig. 3 a) Schematic of the C-AFM setup used in the experiments. b) c) and d) show the simulation of the electric field distribution. The colour indicates de modulus of the electric field. The shaded area below the tip indicates the material that has reached a certain value of the electric field and thus have been transformed to a HRS. We remind that charge carriers are holes in the case of the LSMO, YBCO and NNO systems is induced. Thus, oxygen vacancies are created into the system, which produces a concomitant decrease in the hole carrier density and a decrease of the oxidation state of the metal cations (Mn, Ni and Cu, respectively):
consistent with a decreasing concentration of hole carriers in these systems, since the three cases are hole controlled with a narrow band influenced by the strong correlation [38, [63] [64] [65] (close to Mott insulators). This induces an increase of resistance of the material via the MIT. The HRS is maintained in the sweep 2 down to 0 V. The sweep 3 for positive bias starts at the HRS and a transition from HRS to the LRS emerges in this branch at a threshold voltage. At this transition, oxygen incorporates into the structure getting back the LRS. Bipolar Resistive Switching (BRS) characteristics are thus demonstrated in these 3 compounds. A clear asymmetry in the I-V sweeps is observed in the three cases. The transition from the LRS to the HRS is performed smoothly while the switching from the HRS to the LRS presents a sharp transition. We believe that this asymmetry is influenced by two factors. First, due to an inherent geometrical asymmetry since the nanometric tip (100 nm) acts as an electrode whereas the counterelectrode is at least 5 orders of magnitude larger in dimension (typically 0.5-1 mm of silver paint). Second, oxygen incorporation and excorporation processes are intrinsically different (oxygen molecule dissociation or association) and therefore, we do not expect to be symmetric. In the measured I-V curves, threshold voltages range between 3 and 5 V in the three cases. In the ON state, the current values reach the 0.1-10 μA whereas in the OFF state it is found to be in the 0.1-10 nA range. Large resistance ratios of 10 3 -10 4 for LSMO and YBCO and 10 4 -10 5 for NNO are obtained. We believe that such large resistance ratios are induced with a small change in the carrier density, an issue which may be associated to the strong electron correlation of these systems displaying a MIT. We have performed TEM experiments after switching the film at the high resistance state which shows the same crystal structure as in the pristine film, ruling out any amorphization or phase decomposition of the material at the HRS ( fig. S4 ). I-V sweeps at different temperatures were performed by C-AFM using a sample holder attached to a heater. As shown in the supplementary information (Fig. S5) , the transition voltages are lower as the temperature is increased. This experiment provides further evidences of oxygen-motion related phenomenon, consistent with an enhancement of the oxygen mobility at higher temperatures. Cycling over more than 500 cycles were successfully demonstrated in LSMO thin films at the nanoscale [39] . Therefore, we confirm that perovskite oxides with a MIT have unique opportunities in terms of RS performance.
The observed RS physical mechanism is inherently bipolar, i.e., one can only switch the state under the proper bias polarization. To demonstrate that, we undertook unidirectional I-V sweeps on a 10 nm LSMO film grown on STO only towards positive bias (0 V ➔V max ➔0 V) (Figure 5a ) and later only towards negative bias (0 V ➔-V max ➔0 V) (Figure 5b ) by progressively increasing the amplitude of V max . For each polarity the sweeps were acquired on a pristine spot of the surface. For positive bias sweeping, no switching hysteresis occurs. The resistance state of the sample remains in a LRS, which it is in the initial pristine state since no more oxygen can enter into the structure. In contrast, a progressive hysteretic behavior is found for the negative bias, since the electric field created in such a measurement reduces the concentration of hole carriers and moves O 2− species from the crystal towards the surface. At the surface, these ions recombine with adsorbates forming O 2 molecules [66] [67] [68] , which are liberated. In this way, an oxygen vacancy is created into the system, with the corresponding change in the valence of the 3d metal cations. The continuous increase of the HRS with increasing -V max shows the capabilities of these systems to achieve multilevel resistive states.
Micrometric scale HRS areas induced by C-AFM
One of the main advantages offered by an AFM to study RS phenomena is its versatility to analyze local features related to RS effect and the possibility to create nano-and micrometric arrays with different resistance states. By means of a XY closed loop system which enables to have a fine control over the tip position, we have written an array of resistance maps at different resistance states induced at different negative bias. On a pristine 10 nm LSMO film surface, six squares of 5 × 5 μm 2 were scanned with the C-AFM tip at V bias = {−1,-2…-6 V}. HRS regions are then induced at a micrometric scale. After this process, a 20 × 20 μm 2 topography (Figure 6a ) and reading resistance maps (Figure 6b ) were acquired. Low bias (1 V) was applied for the reading out of the generated HR regions to prevent any modification of the resistive state. The V bias used to induce the HRS (V write ) in each square is indicated in the resistance map. Notice that clear contrast differences between the pristine and the induced HR areas are observed. The higher the V write , the more resistive the region appears, whereas no topographical modifications are observed in any of the cases. From these measurements we have evaluated the relative resistance changes in the different states. To do so, the average resistance values of the pristine region (surrounding the squares) for each of the HR squares are computed and the relative value of R/R pristine has been obtained. Figure 6c shows this ratio as a function of V write . Note that a significant increase in the resistance ratio is found for -5 V < V write < −2 V, whereas a saturation seems to appear for V write < −5 V. This experiment further confirms the multilevel switching capabilities of these systems. We believe that by increasing the magnitude of the applied field, larger exchange of O 2− ions from the LSMO crystal structure with ambient occurs thus reading a gradually higher resistance state.
Volume Resistive Switching in metallic perovskite oxides
The versatility of the AFM to move with very fine precision in the X-Y directions allows the system to define any kind of feature at will. In particular, in the experiment shown in Fig. 7 , we have drawn two rings at different negative bias to induce different resistance states in the 10 nm LSMO, 6 nm NNO and 10 nm YBCO samples. Then, larger resistance maps (Fig. 7a-d for LSMO, YBCO and NNO, respectively) are acquired at low bias (at V bias = 1 V) to avoid any modification of the generated HRS, in a similar experiment as that reported in [39] . In all the cases, the resistance maps show that, when a ring at bias voltage V bias = −6 V is drawn, the area scanned by the tip has been transformed into the HRS. When the bias voltage is increased to V bias = −10 V we observed that the inner part of the ring, which has not been modified by the tip also appears to be in the HRS. A schematic explanation of this effect is shown in Fig. 7b . First of all, we should remind that these experiments are carried out in a top-top configuration and the read out of the inner part of the ring is performed by placing the tip on the inner area of the ring whereas the counter electrode is placed outside the ring. When the ring is drawn at higher voltages the HRS reaches the bottom surface of the film to the insulating substrate, thus creating a HR cylinder wall that impedes connectivity between the tip and the counter electrode. At lower bias, not all the volume under the tip is transformed into the HRS, and therefore the inner part of the ring is electrically connected to the outer pristine film. On one hand, this is a strong evidence that a Volume Resistive Switching mechanism is occurring where the whole material volume is transformed into a HRS instead of a filamentary conduction. In this case, metallic non-modified regions are topologically isolated if enough voltage is applied to draw the ring (V bias = −10 V). Then, if a tiny part of the HR wall is scanned at high enough and opposite bias (V bias = +10 V) and then a new resistance map is acquired (Fig. 7a right) , a fully metallic region in the inner part of the ring is observed. Therefore, by inducing a LRS in a small part of the wall, the inner non-modified region and the outer pristine film are electrically connected again. On the other hand, it suggests that the oxygen depletion is occurring gradually in thickness since at V bias = −6 V, although a clear HR sign is achieved, there is electrical conduction between the inner surface of the ring and the counter electrode. This effect can also be confirmed from the measurement shown in Fig. 5b . The last unidirectional negative sweep in Fig. 5b shows that the last sweep (0 V➔-10 V➔0 V) does not produce any further switching, which is consistent with the full thickness transformation proposed here. The suggested Volume RS (VRS) mechanism observed here is different in nature from the filamentary or interfacial types and VRS might be an intrinsic property of these strongly correlated perosvkite oxides showing metalinsulator transition. We believe that it is the MIT of these systems what induces the RS effect in these films upon small variations in the carrier density induced by the applied electric field [69] . Our experiments demonstrate that the volume under the tip can be progressively driven into a HRS upon increase of the voltage amplitude. This change occurs vertically below the tip as confirmed by the experiment of Figs. 6 and 7 and laterally in a region of the size of the tip, approximately. The suggested Volume RS should be therefore differentiated from interface RS, which would be localized in the few units cells close to one of the electrodes. In contrast, the full thickness of the film (10 nm) can be transformed here into the HRS. Starting from a LRS, oxygen excorporation occurs at negative bias inducing a valence change in the transition metal due to the creation of oxygen vacancies in the system, which simultaneously produces a decrease of the hole carrier density and eventually, the MIT line is crossed thus entering into a HRS. At positive bias, oxygen incorporates into the structure and annihilates oxygen vacancies. The reverse valence change occurs accompanied by an increase of the hole carrier density restoring the LRS upon crossing back the MIT. This mechanism could explain the large resistance ratios (10
3
- 10 5 ) observed associated to small changes in the oxygen content and it is consistent with the COMSOL simulations shown in Fig. 3(b-d) .
Transport properties of HRS areas
The transport resistance properties of HRS were evaluated in a 10 nm LSMO patterned film. Figure 8a shows an optical micrograph of the bridge. Following the same procedure described in previous sections, a HRS is induced in the bridge by scanning it at negative bias (Figure 8b) . A V bias = −10 V was used to assure that the full thickness of the area under the tip would be transformed into a HRS in a volumetric manner. In this way, we avoid the presence of a network of parallel resistance and therefore the transport properties of the HRS can be fully sensed. Figure 8c and d show the AFM topography and the resistance maps at 1 V of the bridge in its pristine and HRS state. In the pristine resistance map, some regions with a higher resistance are observed. The whiter regions would present an initial oxygenation state that might be offstoichiometric. Since these initial variations are observed both in pristine films and patterned films, we believe that these local in-homogeneities are intrinsic features of the as-grown films, as we show in FigS6 of the Supplementary Information. However, when the HRS is induced, a full HRS is developed in the whole bridge. Figure 8e shows the resistivity curves of the bridge before and after the induction of the HRS. An increase of two orders of magnitude of resistivity is foun d at room temperature for the HRS whereas the insulating state is maintained down to lower temperatures. Specifically, the shift of the MIT transition is ΔT MIT = 315K − 200K = 115K. Therefore, we demonstrate that the RS effect of these materials is linked to the MIT, which at least at high bias, is fully crossed. The crossing of the MIT line is not a Bconditio sine qua non^to generate a higher resistance state. However, an enhanced performance is expected if the MIT line lies close to the operating temperature.
Probe Station measurement for potential device integration
In order to go beyond the nanoscale testing of RS phenomena in these materials, bigger W-Au probes (20-50 μm) were used to perform I-V characteristics at a micrometric scale. The same electric field configuration shown in Fig. 3 was kept. The larger size of the W-Au tips probably produces a modification of the field distribution, so RS parameters may change accordingly. When applying a negative (positive) bias, a downwards (upwards) electric field is created close to the tip as shown in Fig. 3 . This means that at negative (positive) bias, oxygen excorporation (incorporation) is expected. Examples of I-V curves for 10 nm LSMO and 6 nm NNO are shown in Fig. 9 . Qualitatively similar features as in the local measurements by C-AFM with slightly higher voltages are observed. In particular, a transition from a pristine/LRS to a HRS is found at negative bias (step 1). The HRS state is kept during the excursion back to 0 V (step 2). Then, the HRS → LRS transition occurs at positive bias (step 3). The LRS is also retained in the excursion back to 0 V. The same arguments can be applied here: oxygen in-and excorporation processes induce the MIT in a reversible way with the same ionicelectronic consequences. In order to assess the endurance and stability of the HRS and LRS in both systems, repeatability cycles were performed (Fig. 9c for LSMO and Fig. 9d for Fig. 8 Transport properties of the HRS generated at V bias = −10 V. a) Optical micrograph of the LSMO bridge. b) Sketch of the experimental procedure followed to generate the HRS in the bridge. c) AFM topography image of the bridge. d) Resistance maps at 1 V of the bridge in the pristine state (left) and HRS (right). e) Resistivity curves as a function of temperature of the bridge in the two aforementioned resistive states NNO). The resistance states were read at V bias = 0.5 V. Repeatability was measured up to 40 cycles in both cases. Resistance ratios of 10 3 -10 4 and 10 2 are obtained in the LSMO and in the NNO case, respectively. The lack of knowledge about the exact contact area, contact resistance and particular electric field distribution prevents a reliable comparison between these measurements and the C-AFM one. Further experiments with highly controllable geometry would need to be performed to address this issue. So, similar RS properties than at the nanoscale are observed in these metallic perovskite oxides when switching at microscale with 20-50 μm radius W-Au probes. We conclude, therefore, that the RS stability and performance of these metallic perovskite oxides pave the way for further investigation towards device integration.
A three-terminal configuration proof-of-principle in LSMO films
To demonstrate the viability of these materials for novel devices beyond Flash technology, we have designed a 3-terminal configuration proof-of-principle to show that performing RS under a well-controlled region (RS-gated) enables to tune the lateral conduction of a device. This would imply the development of transistor like devices in which the Field Effect is substituted by RS, which might be relevant for multiterminal memristive devices [70] and neuromorphic computing applications [53] . An optical microscopy image of the device is shown in Fig. 10 together with two schemes of the two probe configurations employed in the measurement. Configuration R (for reading) is used to measure the resistance state of the bridge at low voltages, i.e.,~0.1-1 V by locating the tips on the metal electrodes Source (S) and Drain (D). Low voltages are required in order to not disturb the resistance state of the bridge. Configuration W (for writing) is used to induce the RS effect in the middle of the bridge. The positive tip is located in electrode A and the grounded tip is placed in direct contact with the bare LSMO surface in the bridge (Gate, G). This tip is not moved from its initial position during the whole experiment. The initial resistance of the bridge is measured in configuration R with an initial resistance of~10 6 Ω (stated Binitial^in Fig.  10d ). After this, a first sweep (Cycle 1-2 (configuration W), black curve in Figure 10c ) to induce a HRS in the bridge is performed. Then, a low voltage sweep is applied again in configuration A. The result is plotted in Figure 10d as BHRS^. An increase of more than 2 orders of magnitude is found (~10 8 Ω). To recover the LRS state, a positive sweep is applied in configuration W (cycle 3-4, blue curve in Figure 10c ). The HRS → LRS is then induced in the bridge under the tip. Thus, a new low voltage sweep is measured in configuration R (LRS in Figure 10d ). A decrease of two orders of magnitude from the HRS is found and the initial value of the lateral resistance of the bridge is recovered.
In the following, we analyze the resistance values obtained from an electrical circuit point of view. The aim is to estimate the size of the volume that switches from LRS to HRS at the middle of the bridge induced by the tip of configuration W. Based on the exposed results, we assume that the full thickness of the film is transformed homogenously below the W-Au probe in this 10 nm film. This assumption is justified with our C-AFM experiments shown in Fig. 5 and 7 , where we demonstrated that by applying a -10 V voltage a 10 nm film is fully transformed through thickness into a HRS. Therefore, we will estimate here the transformed area and check if it falls in the same order of magnitude as the expected tip size.From a circuit point of view, the resistance along the bridge can be represented by three resistances in series (see Figure 11) . When the device is in the pristine or LRS state, the measured bridge resistance is 10 6 Ω. The resistivity of the pristine LSMO can be deduced from the equation Where ρ L , L, W and t are the LRS resistivity, the length (200 μm), the width (20 μm) and the thickness (10 nm) of the bridge, respectively. R 1 and R 3 are the resistance of the lateral parts of the bridge and R 2 corresponds to the part of the bridge which will be later transformed into the HRS. The contact resistance of the Au/LSMO interface at the contact pads has a value of~600Ω. This value is several orders of magnitude smaller than the resistance of the bridge (~1 MΩ), and therefore it has been neglected in eq. (4) . A value of ρ L =10 3 μΩ ·m is obtained by substituting the experimental values in eq. (4). In the HRS, the region under the tip switches from a low resistance to high resistance. For simplicity, let us assume that the tip has an isotropic square shape with side L T and that the switching will be induced in the full LSMO thickness under this square. Then, the measured resistance after the transformation to the HRS, R HRS , is given by the following equation
Where , ρ L and ρ H are the resistivity of the bridge in the LRS and the HRS, respectively and R eq HRS is the equivalent resistance of the region under the tip, composed of two parallel resistances (a LRS part with dimensions (L-L T ) by (W-L T ) and a HRS part with dimensions L T by L T ). Equation (5) can be rewritten as: This value is consistent with the expected dimensions of the W-Au probes used in the experiment and it shows that the full volume of the region (20 μm × 20 μm × 10 nm) under the tip have been transformed into the HRS. Therefore, the volume switching behavior of these materials is also demonstrated in a 3-T configuration.
The aim of this experiment is to show a proof-of-principle device where the lateral conduction of the bridge in a 3-Terminal configuration has been modified by applying RS-MIT effect in the gate region. If a more realistic device must be developed, oxygen exchange through atmosphere should be avoided. In that direction, we have already demonstrated the utility of using a bilayer system based on a ionic conductor like CeO 2 which acts as an oxygen reservoir on top of the active LSMO layer [40] .
Conclusions
We have investigated bipolar resistive switching phenomena that can be induced in three different metallic mixed-valencemixed-conductors perovskite oxides upon the application of an electric field. Despite the different structural and electronic characteristics of the systems studied, a similar phenomenology is found. RS in these compounds can be explained in terms of a valence change of the transition metal induced by the exchange of oxygen with the ambient atmosphere driven by the electric field. This oxygen exchange induces simultaneously a variation of the carrier density which through the MIT of these systems creates a volumetric resistive switching. Multilevel states can be therefore performed at will by tuning the amplitude of the applied bias. We have been able to transform into a HRS homogenously up to 10-12 nm thick films and show topologically isolated pristine metallic regions. This process is reversible upon the inversion of the electric field. The transport properties of of the volume HRS showed a fully developed insulating state at room temperature concomitant with a shift in the T MIT of~115 K C-AFM local studies have been extended to bigger W-Au probes to test the film performances towards a more realistic device-like structure and the same qualitative phenomenology was observed. Finally, a proof-of-principle 3 T configuration is proposed in which the lateral conduction of a LSMO bridge, between source and drain, is modified by applying RS in a region located at the middle of the conduction bridge (gate). Reversible resistance changes of two orders of magnitude are found and a volume resistive switching is also demonstrated at the micrometric scale, where the full thickness of the film below the W-Au tip has been transformed into the HRS.. We have verified that strongly correlated metallic perovskite oxides are a unique class of materials very promising for RS applications due to its intrinsic MIT properties that boosts a robust volumetric resistive switching effect. Still several parameters should be properly tested and tuned for applications needs (like lower threshold voltages, endurance, switching speed, retention studies), but these initial experiments already fills the enthusiasm for this new class of complex oxide materials.
